The available data for scattered acoustic intensity and attenuation in dilute aqueous suspensions of sand are compared with theory. In theoretical calculations, the scatterer is assumed to be spherical and elastic, or rigid and movable, or rigid and immovable. The rigid movable model provides the best fit to the data. 
The use of acoustics to obtain estimates of suspended sediment concentration in the ocean appears to have been first suggested by Dietz • in 1948. Little was done for many years, but progress has been rapid in the past decade. 2-7 Although these investigations have demonstrated the potential of acoustic remote sensing techniques for sediment transport studies, a remaining difficulty is the choice of the most appropriate acoustic model for the suspended particles. Such a model is needed to properly interpret the relationship between the measured acoustic signal and particle concentration and size.
than 5 kg/m 3. Young et al. 4 measured the backscatter intensity at 3 MHz for three size fractions in the 50-to 250-/tm range. The concentrations were less than 0.1 kg/m 3.
In Sec. I, we begin with a brief summary of the theory, including an extension of Johnson's high-pass model for scattered intensity to include the dependence on scattering angle. In Sec. II, we develop a similar model for the attenuation coefficient. This is followed in Sec. III by comparisons between theory and experiment.
I. THEORY
A. The scattered pressure Assume a plane wave incident on a homogeneous spherical particle surrounded by a uniform inviscid fluid. Ignoring attenuation for the moment, the scattered pressure at any field point far from the particle is given by
Ps =Pi{[afo• (O,a)/2r]}exp[i(kc r--cot) ],
wherepi is the pressure amplitude of the incident wave, a is the particle radius, f• (O,a) is the farfield form factor, 0 is the scattering angle, r is the radial distance from the particle, kc is the acoustic wavenumber in the fluid, and co is the angular frequency.
Consider now the wave scattered from an ensemble of particles of nonuniform size in the bistatic case. The bistatic geometry is considered here because two of the data sets to be used were acquired with bistatic systems. The equivalent results for monostatic systems are obtained simply as a special case. The geometry is shown in Fig. 1 . The transmitting and receiving transducers (T and R in Fig. 1 ) are assumed to be circular and of equal diameter. The distance from the transmitter to an arbitrary particle is the incident path length and is denoted by ri. The scattered path length is rs, ro is the distance from either transducer to the center of the detected volume, and/30 is the half-width of the mainlobe of the direc-, tivity pattern (i.e., 2/30 is the angular separation of the -3-dB points). We assume that the beamwidth is narrow. For the experiments discussed here, for example,/30 is about 1 ø.
The pressure of the wave scattered from the particle is given by 
where r. is the distance along the acoustic axis of the transmitter to the point at which the sound pressure level iSpo; Di and Ds are the directivities of the transmitter and receiver, respectively; and a is the attenuation coefficient, which is assumed to be uniform along the incident and scattered paths. For a cloud of particles with an arbitrary distribution of sizes, the ensemble mean-square pressure in the absence of multiple scattering is given by
where n(a) is the size spectral density, N is the number of particles per unit volume, the asterisk denotes the complex conjugate, and r is the detected volume. Multiple scattering effects are ignored here because the data used were all acquired at concentrations less than 10 kg m-3. As discussed in the Appendix, these concentrations are sufficiently dilute such that multiple scattering should not be important (see, also, Refs. 12 and 13). Substituting Eq. (2) 
where M is the mass concentration of suspended matter and is given by M= Np; •w a3n(a)da, 
where S is given by
Equations (6) and ( 8 ) are central to the rest of the discussion; for monostatic systems, these equations remain unchanged. Only the numerical value of Go and the expression for the detected volume r in Eq. (7) 
where x = kca, rln is the phase shift of the nth partial scattered wave, and Pn is the Legendre polynomial of order n. The total scattering cross section is given by the usual result 15,16 goes to unity as required. Equation (13) is also isotropic at large x. As will be seen, this may be a useful property.
We have also constructed a high-pass model for the at- Consider first only those models that contain the most physics, that is, the elastic, rigid movable, and rigid immovable models. For convenience, we shall call these the "phys- in Table I . From Table I consequently, it is not surprising that only minor changes in the percentage differences and correlation coefficients result (Table I) . Therefore, it appears that the absence of resonance features in the data [ Fig. 2 (a) ] is not ascribable to the smoothing effects of the size distribution. Fig. 2 , it can be seen that the high-pass model [Eq. (14) ] provides a very reasonable fit to the data [ Fig. 2(d) ]. In fact, for Flammer's 8 data set this fit is as good or better than the best physical model, the rigid movable case (Table I) Table VI . It can be seen that there is considerable improvement in the percentage differences and the correlation coefficients, specifically in the rigid immovable case, which now provides the best fit. These r&sults suggest that this approach may be useful. The degree of scatter, however, remains large; in light of the attenuation results, the fact that the rigid immovable case emerges with the best fit seems suspect.
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III. SUMMARY AND CONCLUSIONS
We have compared theoretical estimates of scattered intensity and the attenuation coefficient with data published previously for dilute aqueous suspensions of sand. The theoretical calculations are made by approximating the sand grain as a homogeneous spherical particle. Three model spheres are used' elastic, rigid movable, and rigid immov- We choose two scatterers, thefih and the k th, and suppose the scattered pressure from the fih particle is rescattered by the k th scatterer. Referring to Fig. A 1 , the distance from the fih particle to the transmitter is r e, and to the receiver it is rsi. The distance from the k th to thejth particle is 6•k, and to the receiver it is pk. Following Waterman and Truell, 2ø the Fresnel half-period zones are ellipsoids and the interior of the nth halfperiod zone is defined by t'sj -Jr-( n --1 ) (/l/2) <6jk 'Jr-Pk d-n (A/2), where n is an integer and A is the acoustic wavelength. All waves restattered by particles located within a given Fresnel zone have amplitudes of the same sign when they arrive at the receiver. On average, the contributions from adjacent zones will be opposite in sign; because of the attenuation and radial spreading of the scattered wave from thejth particle, we can say the total contribution from several zones could not be larger than the contribution from the first zone. As a result we need only consider multiple scattering from the first zone, the boundary of which is defined by 6•k d-Pk = rs• d-A/2 (see Fig. A 1 ) . The scattered and re- 
where Psi is the pressure at the receiver of the wave scattered from thefih particle and p•j is the received pressure of this same wave after being rescattered by the k th particle.
Let Pv be the total (first-order) multiple scattered pres- 
The volume element dr is given by dr = 6p dp d6 (see Ref. 
From Eq. (A15) we note that the mainlobe of the receiver beam pattern is inside the first Fresnel zone. Since the receiver is sensitive primarily to the waves scattered from the particles that are located in the mainlobe, the total multiple scattered pressure calculated by Eq. (A3) is therefore larger than that actually sensed by the receiver. In other words, the actual value of maximum concentration for ignoring the multiple scattering could be larger than that estimated from Eq. (All).
The results obtained above require that x should be small, so that the form factor is independent of scattering angle. For other values of x, the isotropic assumption does not hold and, for For x = 3.96, we consider forward multiple scattering only. In this case, the multiple scattered pressure can be estimated using Eq. (A 18), but with r* for the upper limit of 6. Working out the algebra, we obtain
